Current techniques used in clinical laboratories for faecal fat determination, such as the Van de Kamer method, are not very accurate or precise. This became apparent when results obtained by different laboratories were compared, and could explain the disappointing performance of near-infrared and mid-infrared spectroscopy since the accuracy of these techniques depends upon the accuracy of the calibration used (i.e. inaccurate wet chemical analysis). In order to improve standardization, we developed and tested a new quantitative method in three laboratories, based on Fourier transform infrared (FT-IR) spectroscopy. Fatty acids were extracted from faecal samples with acidi®ed petroleum ether±ethanol and the extracts were dried and dissolved in chloroform. An infrared spectrum of the extracts was recorded in the range 4000±650 cm 3 1 , using an infrared transmission cell. Standard mixtures of stearic and palmitic acids (65:35) were used for calibration. Quanti®cation was based on the absorbance band of the CH 2 group (2855 cm 3 1 ) of free fatty acids and fatty acid glycerol esters. The calibration curve showed excellent linearity. The correlation coef®cient between the titrimetric Van de Kamer and FT-IR methods was 0´96 (y=1´12x3 0´02, standard error of prediction=0´89 g% fat). No signi®cant difference was found when the FT-IR results of 28 faecal samples from patients were compared between two different university hospital laboratories. The new FT-IR method, using primary standards, is simple and rapid, and provides satisfactory intra-and inter-laboratory precision for the diagnosis and monitoring of steatorrhoea.
Steatorrhoea is de®ned as an increase of fat in the stool. Intestinal malabsorption, which is the most frequently occurring cause of steatorrhoea, is a problem with absorptive functions of the bowel. 1, 2 Furthermore, gastric, pancreatic and biliary diseases can cause maldigestion, which in turn can also lead to steatorrhoea. The gold standard laboratory method to diagnose steatorrhoea is faecal fat analysis: stools are collected for 72 h and the faecal fat is measured by traditional techniques such as titrimetric, 3 gravimetric 4 or acid steatocrit 5 methods. These techniques are less suitable for serial routine analyses as they are inaccurate, imprecise, time-consuming and require unpleasant and prolonged handling of stools. 6 In recent years new techniques have been introduced to determine faecal fat content by means of infrared (IR) spectroscopy. Several authors have reported the use of near-infrared (12 500±4000 cm 3 1 ) re¯ectance (NIRR) analysis as a method suitable for the investigation of steatorrhoea. 7±9 Calibration is performed by NIRRR using a considerable number of reference samples in which the faecal fat content has been previously derived from wet chemical analysis (secondary reference samples), using, for example, the Van de Kamer method. 3 Multivariate analysis methods such as partial least squares (PLS) or multiple linear regression (MLR), are then used to relate the NIRR absorbance data to the known fat content of the reference samples, thus enabling the fat content of unknown samples to be calculated from their NIRR data. Recently, Franck et al. 10 introduced a similar method for faecal fat analysis, using mid-infrared re¯ectance (MIRR) spectroscopy (4000±400 cm 3 1 ) . Their method is based on the use of a horizontal attenuated total re¯ectance accessory on which the stool sample is spread. Samples that are too liquid, too solid, or that contain visible food or other fragments have to be excluded.
The disappointing performance of these NIRR and MIRR results can be attributed to inaccurate wet chemical analysis of the calibration set. Nevertheless, IR spectroscopy is potentially useful for faecal fat determination and can be improved by the introduction of standardization and calibration using primary standards and lipid extracts of faecal samples instead of unprocessed stool samples. Such lipid extracts, using chloroform as solvent, are put in a liquid transmission cell, from which the IR spectrum is recorded. We used primary standards consisting of a mixture of the most prominent fatty acids in human stools (stearic and palmitic acids, 65:35) and compared the FT-IR results of stool samples with results obtained by the Van de Kamer method. We studied the consequence of primary standardization for faecal fat analysis and the resultant interchangeability of laboratory results generated by the new method.
MATERIALS AND METHODS

Stool collection
Seventy-two-hour stool samples, collected from 97 consecutive patients who were suspected of having malabsorption or maldigestion, were homogenized in a blender. Samples that could not be analysed immediately after collection were stored at 3 20 Ê C.
Sample preparation and determination of faecal fat by FT-IR
Stool samples were treated according to the extraction procedure derived from the gravimetric method, as described by Wybenga et al., 4 with minor modi®cations. A faecal sample (0´5 g) was suspended in 1 mL of water, 100 mL of HCl (37%) and 3 mL of ethanol (96%). Then 5´0 mL of petroleum ether was added and the mixture was vigorously shaken for 10 min, followed by centrifugation for 5 min at 3000 g. A 4-mL portion of the organic layer was transferred to a new tube, and evaporated for at least 30 min at 45 Ê C under a stream of nitrogen. The dried lipid extracts were dissolved in 1´0 mL of chloroform (gradient grade) and transferred to a transmission¯ow cell (path length 0´1±0´025 mm) with sodium chloride crystals. The spectra were measured in the midinfrared region (4000±650 cm 3 1 ). Sixteen scans were co-added at an optical resolution of 4 cm 3 1 (strong apodization), using a Perkin-Elmer Spectrum 2000 spectrometer (Perkin Elmer, Norfolk CT, USA), or a Bio-Rad FTS-7 spectrometer (Bio-Rad, Cambridge MA, USA). Both spectrometers were equipped with a deuterium triglycine sulphate detector. Chloroform was used for background subtraction.
Faecal fat determination using the conventional method
Faecal fat analyses were done in three university hospital laboratories, according to the conventional Van de Kamer 3 method. This method is the current`state of the art' in Dutch hospitals and is based on a single acid extraction of saponi®ed fatty acids from the stool followed by titration of the fatty acid COOH group with sodium hydroxide to quantitate the amount of fat present. Quantitation is based on the mean molecular weight of fatty acids in faeces (276, based on C 18 ).
Quantitative analysis and calibration curves
Before storing the spectra on disk a baseline correction was performed with an integration area in the range 3400±2400 cm 3 1 for the 2855 absorbance band and 1900±1600 cm 3 1 for the 1709 absorbance band. MLR 11 (Systat 7´0, SPSS Inc, Chicago IL, USA) using stepwise variable selection was done to select the best-performing absorbance band(s) (1458, 1467, 1709, 2855, 2928 and 2957 cm 3 1 ) to predict the quantity of fatty acids in the stool. For MLR, 30 of the 97 samples from patients were selected, in the range 0´5±17´9 g% fat as estimated using the Van de Kamer method. The composition of the primary standards, for generation of the calibration curve, was based on a previous study in which 69 faecal samples were analysed by gas chromatography. 12 In this study, petroleum ether extracts of the faecal samples (prepared as described in the sample preparation section) were transmethylated and injected into a gas chromatograph to obtain the fatty acid composition. Most of the faecal fat samples were composed of mainly C 16 and C 18 fatty acids (median 83%) and small amounts of C 14 and C 20 fatty acids (median 17%). After omitting the small amounts of C 14 and C 20 fatty acids, the mean C 18 :C 16 composition of the 69 samples was shown to be 65:35. Therefore each hospital used primary standard mixtures of stearic and palmitic acids (Sigma-Aldrich Chemie BV, Zwijndrecht, the Netherlands) with this composition for the calibration curve, in the range 0± 15 g%, using simple linear regression analysis. The primary standards were handled in the same way as the faecal samples (prepared as described in the sample preparation section). Results of faecal fat analysis are normally expressed as g% total fat (triglycerides). As our new method is based on calibration with free fatty acids it gives a slight underestimation if the results are expressed as g% fat. This underestimation is 4´5% (13/287), because the mean molecular weight of total fat is 287 (13 for the part glycerol residue (1/3) and 274 for the mean molecular weight of the stearic±palmitic acid mixture).
To test the linearity of the regression equation of the calibration the runs test 13 was used, each calibration point being measured four times. The runs test compares the number of series of consecutive points below and above the regression line to the number of series found at random.
Imprecision
The imprecision of the FT-IR method was tested for two stool samples with low (2´6 g%) and high (7´6 g%) fat contents, respectively. Intra-assay reproducibility was tested by 10fold measurement of each stool. Analysing one sample from each stool on 11 consecutive days enabled inter-assay reproducibility to be determined.
Accuracy
Passing and Bablok regression analysis 14 was used to compare the results of the Van de Kamer and FT-IR methods, using the 97 samples from patients.
Inter-laboratory differences
To obtain information on inter-laboratory differences in faecal fat measurements using both the Van de Kamer method and the new FT-IR sample preparation method in combination with calibration standards, 28 samples of faeces were selected from the 97 samples from patients mentioned above. Selection of these samples was based on their fat content, over the range 0±15 g% fat, as determined by the Van de Kamer method.
The 28 samples were analysed in the two university hospital laboratories possessing an FT-IR spectrometer with a¯ow cell, and the differences between the laboratories were statistically tested with a paired Student's t-test. The same 28 samples were analysed in all three hospitals by the Van de Kamer method and the results were analysed statistically using the Friedman test for pairwise differences. 13 In all cases, P-values 40´05 were considered to be statistically signi®cant. Figure 1 shows the region of interest in the IR spectrum of an extracted stool sample. Bands re¯ecting the CH stretch vibrations of the fatty acid methylene residues are observed at 2928 cm 3 1 (antisymmetric) and 2855 cm 3 1 (symmetric), whereas the C=O stretch vibration of the carboxylic acid functionality is observed at 1709 cm 3 1 . Chloroform showed no interference in the spectral region of interest (2950± 1650 cm 3 1 ), in contrast to petroleum ether. The petroleum ether was therefore evaporated from the lipid extract and the dried extract was redissolved in chloroform.
RESULTS
Of all the measured IR absorbance bands (1458, 1467, 1709, 2855, 2928 and 2957 cm 3 1 ) of a stool extract, the one at 2855 cm 3 1 appeared to be best at predicting the quantity of fatty acids, directly followed by the band at 1709 cm 3 1 . The single band at 2855 cm 3 1 proved to be suf®cient for calibration (highest F-value).
The results using the Van de Kamer method for the 28 stools differed signi®cantly between the three university hospital laboratories (Friedman test, P40´0001) , demonstrating the inter-laboratory imprecision of the Van de Kamer method in practice. Because the accuracy of the FT-IR method depends upon the accuracy of the calibration used, we decided to use primary standards composed of stearic and palmitic acids (65:35) instead of the Van de Kamer method and created a calibrator set over the concentration range 0±15 g%.
The calibration curve of the primary fatty acid standards was linear from 0 to 12 g% and departed slightly (P=0´012) from linearity when the 15 g% standard mixture was included (runs test; Fig. 2) . Thus, the primary fatty acid standards used to generate the calibration curve for FT-IR can serve as an accurate alternative to the conventional Van de Kamer method.
Comparison of the results obtained in one university hospital for faecal fat in the 97 stool samples analysed with the Van de Kamer and FT-IR methods, using the stearic±palmitic acid calibration curve, showed a slope of 1´16 (95% CI 1´100±1´222), an intercept of 3 0´023 (95% CI 0´122±0´073), a correlation coef®cient of 0´96 and a standard error of prediction (SEP) of 0´89 g% fat (Fig. 3 ; Passing and Bablok regression analysis).
The intra-and inter-assay coef®cients of variation (CVs) of faecal fat estimation by means of FT-IR were 4´7% and 10´0%, respectively, for a stool sample with a faecal fat content of 2´6 g%. Intra-and inter-assay CVs were 2´6% and 8´5%, respectively, for a faecal fat content of 7´6 g%. Comparison of the FT-IR measurements in the two university hospital laboratories of the fat (g%) in 28 stool samples, using the stearic±palmitic acid calibration curve for quan-ti®cation, showed no statistically signi®cant difference (paired Student's t-test, P=0´915).
DISCUSSION
Modern mid-infrared FT-IR spectrometers have a high potential for applications in clinical chemistry, in that they provide high signal-tonoise ratios, high resolution and extensive dataprocessing possibilities by means of computer software packages. 10, 15 Previously, Franck et al. 10 reported the use of a horizontal attenuated total re¯ection crystal for mid-infrared spectroscopy on stools. We tested their method, but could not reproduce their results. Close inspection of their results revealed that they used a selection of stools, excluding those that were too liquid, too solid, or which contained visible food particles or other fragments. Moreover, water appeared to cause major interference in their spectra as its absorption in the mid-infrared is very strong and tends to override the spectral characteristics of the other compounds of interest. Because water is the major component of stools (amounting to 60±90%) this makes the method of Franck et al. less applicable. Our approach of using a simple extraction of fatty acids from stool prevents the interfering effect of water. Another advantage of this separation of fatty acids from stool is the exclusion of watersoluble interfering substances, and the opportunity to use a primary standard (stearic± palmitic acids) for calibration.
We used the absorptions of the CH symmetric (2855 cm 3 1 ) or C=O stretch vibrations (1709 cm 3 1 ) of the primary fatty acid standard for quanti®cation. Other methods based on NIRR or FT-IR, without sample puri®cation, use complex mathematical models such as MLR and PLS for quanti®cation and require the analysis of at least 30 samples by the reference method (Van de Kamer) to obtain a reliable mathematical model. 7±9 Van de Kamer 16 very comprehensively tested the analytical recovery of the extraction procedure. After a single extraction with acidi®ed petroleum ether±ethanol, a recovery of 98% from stool was obtained for fatty acids with a chain length greater than or equal to C 14 . 3 This method, however, gave signi®cantly different results between samples analysed in the three university hospital laboratories, whereas our FT-IR method, calibrated with a primary standard, gave interchangeable results for the fat contents in stools measured in two different university hospital laboratories. Furthermore, within one laboratory the fat content measured by the Van de Kamer method differed signi®cantly from that found by our standardized FT-IR method (Fig. 3 ). Both these differences (the Van de Kamer method between laboratories and between Van de Kamer and our FT-IR method) can be attributed to the lack of standardization of the conventional titrimetric method, which could result in deviation from the true value and decreased precision. Improved inter-laboratory variation of the Van de Kamer method may be achieved by distributing a calibrator. This might of course also further improve the interlaboratory variation of the new FT-IR method. However, optimization of the Van de Kamer method does not seem to be useful, as the new FT-IR method has a total analysis time at least 50% shorter than the Van de Kamer method and the results of the FT-IR method agree well with the Van de Kamer method (Fig. 3) . The use of two fatty acid standards enables the calibration of both the CH 2 and the C=O bands. Determination of the relative quantity of the CH symmetric stretch vibration of the CH 2 residues, the C=O stretch vibration of the carboxylic acid functionality of free fatty acids (1709 cm 3 1 ) and the C=O vibration of glycerol esters (1746 cm 3 1 ) allows the identi®cation of abnormal fatty acid:triglyceride ratios in faeces by calculation of the absorbance ratio of CH 2 (2855 cm 3 1 ):C=O (1746 cm 3 1 or 1709 cm 3 1 ). These spectral ®ngerprints can be of clinical use. 17 Normally about 95% of faecal fat is excreted as soaps of free fatty acids. 16 However, theoretically, in faecal samples of patients with maldigestion due to cystic ®brosis, chronic pancreatitis (diminished amount of lipase), or a lack of bile acid secretion in the gut, increased amounts of glycerol esters can be found in stools.
CONCLUSION
The new FT-IR method is simple and enables rapid diagnosis and monitoring of steatorrhoea. A further decrease in total analysis time could be achieved by using automatic sampling devices for FT-IR spectrometers. We have also shown that this method is more precise with respect to inter-laboratory variation than the Van de Kamer method. The use of primary standards for calibration facilitates the introduction of this method in other laboratories using mid-infrared spectroscopy. For routine application we recommend inclusion of a fatty acid standard mixture in the extraction procedure to check extraction ef®ciency and reproducibility.
